Innovations in relevant micro-contact areas are highlighted, these include, design, contact resistance modeling, contact materials, performance and reliability. For each area the basic theory and relevant innovations are explored. A brief comparison of actuation methods is provided to show why electrostatic actuation is most commonly used by radio frequency microelectromechanical systems designers. An examination of the important characteristics of the contact interface such as modeling and material choice is discussed. Micro-contact resistance models based on plastic, elastic-plastic and elastic deformations are reviewed. Much of the modeling for metal contact micro-switches centers around contact area and surface roughness. Surface roughness and its effect on contact area is stressed when considering micro-contact resistance modeling. Finite element models and various approaches for describing surface roughness are compared. Different contact materials to include gold, gold alloys, carbon nanotubes, composite gold-carbon nanotubes, ruthenium, ruthenium oxide, as well as tungsten have been shown to enhance contact performance and reliability with distinct trade offs for each. Finally, a review of physical and electrical failure modes witnessed by researchers are detailed and examined.
Introduction
Low current micro-electrical contacts have a range of existing and potential applications. In microelectromechanical systems (MEMS) applications devices are normally referred to as a MEMS relay or MEMS switch, where a low force actuator is used to switch the micro-contact surfaces. In this review, the focus is on low power applications with both dc and ac signals. A particular emphasis is provided on the application to megahertz and gigahertz, radio frequency (RF) systems. RF MEMS switches can be used in mobile phones and other communication devices. 1 Often, micro-switches are used in phase shifters, impedance tuners and filters. Phase shifters, impedance tuners and filters are control circuits found in many communication, radar and measurement systems. 2 MEMS switches offer much lower power consumption, much better isolation, and lower insertion loss compared to conventional field-effect transistor and PIN diode switches, however, MEMS switch reliability is a major area for improvement for large-volume commercial applications. 3 The integrated circuit community is struggling to develop the future generations of ultralow-power digital integrated circuits and is beginning to examine micro-switches. 4 Low power consumption, isolation and reduced insertion loss are achieved by the mechanical actuation of the switch which physically opens or closes the circuit.
To enhance reliability, circuit designers need simple and accurate behavioral models of embedded switches in CAD tools to enable system-level simulations. 5 The MEMS literature indicates that varying the type of electrical load during testing reveals the physical limitation for micro-switches. 6 Rebeiz states that a good assumption for failure of the micro-switch is assumed to be when the contact resistance becomes greater than 5 Ω, which results in an insertion loss of -0.5 dB. 1 According to Rebeiz, the primary cause of micro-switch failure is due to plastic deformation in the contact interface such as 'damage, pitting, and hardening of the metal contact area [which] is a result of the impact forces between the top and bottom metal contacts'. 1 The description relates closely to 'cold' switching mechanical failure. 'Cold' switching is generally known to be actuating the switch repeatedly without applying RF or dc power during actuations, leading to micro-switch failures such as mechanical structural fatigue, memory effect and contact stiction. 6 In 'hot' switching, contributors to early micro-switch failure include 'material transfer high current density in the contact region and localized hightemperature spots'. 1 
Commonly used MEMS designs
In terms of design, the most common form of MEMS switch actuation is electrostatic in either a series or shunt configuration. 1, 7 Electrostatic actuation offers the advantage of almost no power loss when the micro-switch is open. 1 By applying positive voltage to the actuation electrode, the grounded cantilever beam mechanically actuates and completes the signal path when the switch is closes. To open the switch, the applied voltage is removed. This allows the mechanical restoring force of the beam to become dominant over the electrostatic force and physically open the connection once contact adhesion is overcome. The electrostatic force is derived by treating the beam and actuation electrode as a parallel plate capacitor. When the beam width is w, the length of the pull down electrode is L, ε 0 is the permittivity of free space, g is the gap between the beam and the electrode, and then the given capacitance is: The pull-in distance and pull-in voltage is the point where the electrostatic force overcomes the beam's restoring force and the micro-switch closes by 'snapping down'. In RF MEMS, the series configuration is commonly used to pass signals along a signal path when the micro-switch is actuated while the shunt configuration is commonly used to short RF signals to a ground line. 1 Typically, shunt configuration MEMS switches are capacitive type for RF switching versus metal-to-metal contact type switches. 1 Other forms of MEMS switch actuation mechanisms include: electrothermal, magnetic, and piezoelectric. [9] [10] [11] Electrothermal and magnetic actuation both offer the advantages of low control voltages and high contact force but draw high current and dissipate significant levels of power when actuated. 12 Both actuation mechanisms have the advantage of being bi-directional and the disadvantages of slow actuation as well as quiescent power loss. Hysteresis is another disadvantage of magnetically actuated micro-switches. Piezoelectric actuation can provide fast actuation speeds but due to the different layers of material that comprise a piezoelectric material, there is a parasitic thermal actuation caused by a differential thermal expansion of the different layers. Piezoelectric actuation has a disadvantage of 'short throw' or small movement based on the number of stacked layers. Given the low power loss, low insertion loss and high isolation when open, electrostatic actuation is typically the most commonly used actuation method of RF MEMS engineers.
Micro-switch design considerations are normally focused on improving the micro-switch performance through mechanical design innovation not by improving micro-contact interfaces. From increasing contact force to reducing actuation voltage and decreasing switching time, all aspects of performance generally focus on beam geometry. Sometimes this is referred to as 'engineering away' the performance shortfalls of the micro-electrical contacts. The remainder of this paper focuses on micro-contact physics and phenomena that are relevant for MEMS metal contact switch design, performance and reliability.
Micro-contact resistance modeling
For dc micro-switches, resistance modeling requires knowledge of the surface of the two contact materials as well as their material properties. Though surface roughness and contamination can have a major impact on micro-contact resistance, they are not initially considered here and will be discussed later. Holm first identifies this in his example of contact resistance using two cylinders in contact at their bases. 13 Despite the surfaces of the cylinder bases appearing similar, they are actually very different. When two surfaces meet, and because no surface is perfectly smooth, asperity peaks or 'a-spots', from each surface meet at the interface and form contact areas. Asperities have been described as 'small cold welds providing the only conducting paths for the transfer of electrical current'. 7 The convergence and subsequent spreading of the electrical current through conducting a-spots is known as constriction resistance or commonly contact resistance. 13 For comparison, if two bulk material regions are continuous (not contiguous), with no conducting a-spots, then the resistance is called bulk resistance and calculated using where, ρ is the resistivity, l is the length and A is the cross-sectional area of the conducting material. Figure 1 shows a graphical representation of apparent contact area, contacting aspots, and the effective radius of the actual conducting area. The effective contact area is used for making simplified contact resistance calculations and provides an upper bound when estimating micro-contact resistance. 15 Holm also investigated contact resistance changes due to plastic and elastic deformation of a-spots; which greatly affects the interface of the contact areas. 13 Majumder et al modeled micro-contact resistance with three steps. 15 First, determine the contact force, as a function of applied gate voltage, available from the mechanical design of the electrostatically actuated microswitch. Second, determine the effective contact area at the interface as a function of contact force. 15 Finally, determine the contact resistance as a function of the distribution and sizes of the contact areas. Majumder et allike Holm, also noted that the surface profile of the contact interface is sensitive to plastic and elastic deformation. He also investigated ballistic electron transport using Sharvin's equation. 15 Elastic modeling is accurate for extremely low values of contact force (tens of µN's) where surface asperities retain their physical forms after the contact force is removed. Elastic-plastic deformation occurs at the boundary between the permanent plastic deformation and the temporary elastic deformation. Under plastic deformation, permanent surface change occurs by the displacement of atoms in asperity peaks whereas neighboring atoms are retained under elastic deformation. 16 Single asperity contact area and force under elastic deformation are given by: 17 
=
where A is contact area, R is asperity peak radius of curvature, and α is asperity vertical deformation and
where E' is the effective Hertzian modulus derived from:
where E 1 as the elastic modulus for contact one, v 1 is Poisson's ratio for contact one, E 2 as the elastic modulus for contact two, v 2 is Poisson's ratio for contact two. 7, 13 For circular areas, (6) and (7) are related to the contact area radius using Hertz's model:
To account for the asperity contact area and force under plastic deformation, the well known model from Abbot and Firestone that assumes sufficiently large contact pressure and no material creep is used. 18 Single asperity contact area and contact force are defined using (10) and (11):
where H is the Meyer hardness of the softer material, 18 A is contact area, R is asperity peak radius of curvature, and α is asperity vertical deformation. 18 The effective contact area radius for circular areas is then related to contact force by:
While plastic and elastic definitions are helpful, a thorough description of deformation cannot be provided without considering the elastic-plastic transition between the two kinds of deformation. Elastic-plastic material deformation asperity contact area and force are given as:
where αc is the critical vertical deformation and K Y is the yield coefficient where elastic-plastic behavior begins. 17 Effective contact area radius is given by:
Equations (9), (10) , and (15) provide the key relationships between contact force and effective conducting area.
It is important to note that contact force directly influences the effective conducting area and will also impact contact resistance by default.
Based on the size of the effective conducting area and how it compares with the mean free path of an electron, current flow is described as being ballistic, quasi-ballistic, or diffusive. 19 Previously, Wexler derived a Gamma function interpolation as a function K, or the Knudsen number, for electron conduction when transitioning between ballistic and diffusive electron transport regions. 20 The Knuden number is a dimensionless quantity defined as the ratio between mean free path length (in this case electron mean free path or l B ) to a reprentative length scale (in this case the radius of a conducting area or l). 20 Wexler's Gamma function, shown in figure 2, depicts complete diffusive transport (Γw ≈ 1) for small Knudsen numbers (K < 0.02) and approximately 68.3% ballistic transport for large Knudesn numbers (K > 7.0). Majumder et al used Wexler's Gamma function and developed the following micro-contact resistance model:
where R w is the Wexler-based contact resistance, Γw(K) is the Wexler Gamma function (shown in figure 2 ) for transitioning between ballistic and diffusive transport regions, R S is the Sharvin resistance based on ballistic electron transport and R c is the Holm constriction resistance based on plastic deformation and diffusive electron transport. 15 The semi-classical approximation for resistance when electrons exhibit ballistic transport behavior is the Sharvin resistance formula (17 Figure 3 shows a plot of Mikrajuddin et al's derived gamma function which describes electron flow as a function of the Knudsen number or K. 21 The significance of Mikrajuddin et al's result is that it describes situations for complete diffusive electron transport or complete ballistic electron transport whereas Wexler's original derivation included all higher order effects (e.g. electron spin, electron distribution, etc) resulting in higher than expected contact resistance estimates for contacts operating entirely in the ballistic region (e.g. nano-sized contacts). With (20) and (21) the new model for micro-contact resistance that accounts for elastic-plastic contact deformation is provided as (22):
The above micro-contact models assume electrical current flow is between two contiguous bulk conducting materials and the current flows through conducting a-spots or constrictions and do not explicitly account for quantum effects or the spreading resistance resulting from thin film micro-contacts. The spreading resistance, developed on either side of a thin film constriction, inherently affects micro-contact resistance and will be discussed later.
To model spreading resistance, Karmalkar et al developed a simple closed-form model to predict accurate and complex calculations of circular and rectangular contact spreading resistances. 22 The method was to solve the three dimensional Laplace equation
subject to the appropriate boundary conditions in several iterations to consider changing geometries. Holm, by contrast, represented spreading resistance as a 5% increase in constriction resistance. 13 By interpolating the results of the different geometric solutions, the resistance average was calculated. 22 Experimental tests revealed close (within 2%) agreement with standard numerical analysis software. Their study found that the developed model accurately predicts all the trends of resistance, to include a significant variation as a function of the smaller electrode location, dependence on the electrode separation-to-width ratio, and saturation with increase in the larger electrode area for both equipotential and uniform current density boundary conditions. 22 When considering micro-contacts, surface contamination has severe negative impacts for electrical contacts by physically separating the conductive electrode surfaces. 23 Based on thickness and composition, the adsorbed contaminants can increase contact resistance by orders of magnitude. 23 When left exposed to the ambient lab air, device surfaces can be covered with various contaminants which will affect conductivity. 24 This concept was experimentally verified by Lumbantobing et al where during cyclical contact loading, electrical contact resistance was erratic due to the strong dependence of contact resistance on an insulating thin film at the contact interface. 25 Lumbantobing et al also experienced reduced electrical contact resistance on contacts with native oxides during cyclic contact loading and attributed the reduced resistance to the local rupture of the film, resulting in asperity nanocontacts that reduced the resistance. 25 They also found that the nearly uniform thickness of the native oxide film predicted in their experiment illustrated the durability and robustness of oxide thin film under the tested loading conditions.
Timsit explored the effect of constriction resistance on thin film contacts. He postulated that the spreading resistance of an asperity in a thin film will be drastically different than of an asperity in bulk material due to the different boundary conditions. 26 His study confirmed that the contact resistance for a contact with two identical films can be immediately calculated as twice the spreading resistance. 26 Also, the constriction resistance between two films of the same thickness Lin contact over a constriction of radius a deviates greatly from the classical expression p/2a for two contacting bulk solids wherever a/L ≥ 0.02. 26 A counter-intuitive discovery was shown revealing that spreading resistance in a radially-conducting film initially decreases with decreasing film thickness. 26 This is counter-intuitive because the resistance of a solid conductor increases with decreasing thickness. 26 Timsit's approach was very similar to those published by Norberg et al whereby contact resistance in thin films was approximated by empirical modifications of Holm's classical relation:
where ρ is the resistivity of the conducting material and a is the radius of the constriction. 13, 27 However, Norberg et al used finite element modeling (FEM) to approximate constriction resistance for complex geometries and neither researchers considered the effects ballistic electron transport and the Sharvin effect. 26, 27 In another work, Timsit examined the major electrical conduction mechanisms through small constrictions and concluded that the onset of the Sharvin resistance, which stems from ballistic electronic motion in a constriction, eventually invalidates the basic assumptions of classical electrical contact theory. 28 This finding validates Coutu et al's use of Mikrajuddin et al's derived gamma function. Timsit reported through the use of a simple a-spot model and quantum mechanics that the cooling of a small a-spot due to heat loss by the surrounding electrically-insulating films is not sufficiently large enough to have an impact or account for the breakdown of classical theory. The conjecture is proposed that for metal atomic scale constrictions, a single atom corresponds to a single conductance channel which implies that the conductance would not decrease smoothly as the mechanical contact load is decreased. 28 Rather, the conductance will drop in well defined quantized steps since the number of contacting atoms is decreased by discrete units of one or a few at a time. 28, 29 To examine contact resistance models based on thin films, Sawada et al performed a current density analysis of thin film effects in the contact area on a LED wafer. 30 By using a unique setup with an indium bump to bond to a gallium phosphorous wafer, the team was able to examine and image current flow through a contact. Imaging was possible because the current flow caused optical emission in the wafer. The images and results showed that the current flow in the contact was located primarily around the perimeter of the contact. The use of imaging enabled greater insight in determining actual micro-contact area. The research showed that classical theory for contact resistance was sufficient, provided the conducting film was relatively thick (200 µm). 30 In comparison with Timsit's model for the constriction resistance of thin films, the results were in agreement. However, when the film thickness was 50 µm or less, the value of the contact resistance was greater than the bounds of the classical theory. The thin film work of Timsit, Norberg et al and Sawada et al collectively provided necessary insight for future micro-contacts studies since the thin films they studied were similar to films routinely used to fabricate electrical contacts for MEMS switches.
Assumptions about asperity size and quantity greatly impact contact resistance calculations. While most contact resistance models consider only single 'small' constrictions, the typical rough surface may include many small contacts of varying sizes. However, quantum effects may be present with sufficiently small contacts. To investigate the quantum and size dependent contact mechanisms of the asperity sizes on typical surfaces, Jackson et alexamined the effect of scale dependent mechanical and electrical properties on electrical contact resistance between rough surfaces. 31 Beginning with classical contact mechanics, they used established multiscale models for perfectly elastic and elastic-plastic contacts for the purpose of predicting electrical contact resistance between surfaces with multiple scales of roughness. They then examined scale dependent strength of the materials tin (Sn) and gold (Au) and found that the yield strength varies by over two orders of magnitude as the contact diameter changes. Lastly, using an iterative multi-scale sinusoidal method to calculate the average radius of a contact at given scales, an analytical model of electrical contact resistance was developed.
Unlike Timsit, Poulain et al examined quantized conductance experimentally with micro-contacts test apparatus for breaking contact in such a way that the dimensions of the conducting members of the micro-contact were much smaller than the mean free path of an electron. 32 The team found that by using a micro-switch and a nanoindentor, they were able to witness quantized conductance plateaus before separation of the two contact members. The conditions for observing the quantized conduction phenomena are an extremely low switch opening speed and a current limitation near 150 µA. 32 Upper and lower micro-contacts made of Au as well as micro-contacts made of Ru-Ru were tested. Independent of the contact material, quantized conductance behavior was witnessed. The plateaus were consistent with theoretical predictions for quantum ballistic transport in atomic-sized contacts. The work showed that a metallic bridge formed during contact separation, in the last stage of contact break, and consisted of only a few atoms similar to a nanowire or waveguide thus revealing the wave character of the electrons. 32 The team observed that reproducibility of the results was difficult due to the fact that the elongation of the atomic-sized bridge is difficult to control and was strongly related to atomic arrangements. 32 While dealing with the quantum theory to describe current flow through nano-scale asperities continues to be explored, some researchers have developed methods to simulate electrical contact resistance of ohmic switches with finite element modeling (FEM). Pennec et al examined the impact of surface roughness on the electrical contact resistance under low actuation forces (from a few tens of µN's to 10 mN). 33 An important aspect of their work was to clearly define the surface roughness of the contact. Common practice is to take the average radius of curvature of the asperities which is determined by a measurement of the surface profile. 34 The drawback to this common method is that the determination of the average radius is subjective to the scale of the observation, and is also limited by the measurement resolution. [35] [36] [37] In order to clearly define the surface roughness of the contact, three methods were examined: statistical, fractal, and deterministic. 33 A statistical approach, based on a stochastic analysis, is limited to the resolution of the measuring instrument. 33 A fractal method, on the other hand, uses a random surface texture that is characterized by scale-independent fractal parameters. 33 The deterministic approach is often chosen due to its closest representation of an actual surface. 33, 38 Deterministic methods capture discrete data points for real heights on the surface which avoids assumptions of the micro geometry of the a-spots. 33 Kogut states that even though there are several methods to model contacting rough surfaces, the most convenient one is the probabilistic approach developed by Greenwood and Williamson. 38, 39 This approach replaces the two rough surfaces by a smooth surface in contact with an equivalent rough surface, replacing asperities with simple geometric shapes, and assuming a probability distribution for the asperity parameters. 40 Using an AFM, surface topography of the contact bumps was measured and a low resolution mesh was generated in order to quickly determine the effective contact area under 100 µN of force. 33 By stepping up the resolution for the effective contact area to the effective computation memory limits, Pennec et alwere able to model a contact resistance in agreement with literature. 33 While their method did not take into account contaminant films, the results show that including the fine-scale details of the surface roughness must be taken into account when calculating contact resistance. 33 However, while AFMs can achieve 1 nm resolution of surfaces, the number of contact elements and definition of elastic-plastic materials in the model can prevent the calculations from succeeding due to computer memory limitations. 33 Conclusive evidence is given that reducing the sampling interval from 1 nm to 10 nm is sufficient for the calculation of electrical contact resistance.
Proponents of fractal models, Rezvanian et al believe that the random and multiscale nature of the surface roughness can be better described by fractal geometry. 7, 41 Fractal based models have been developed by a number of researchers but lack considerations for elasticity. 42 , 43 Persson et al developed a novel fractal method which is not dependent on fractal roughness and is also not scale dependent like the Greenwood model. 44, 45 The disadvantage is that this method is exclusive to fractal surfaces. 46 Similar in nature, Jackson et al considered multi-scale roughness, or the description of the surface, to be sinusoids stacked into layers to represent the rough surface. 47 While quantitative discrepancies exist between the statistical methods and layered sinusoids, the team was able to show qualitative similarities for both elastic and elastic-plastic deformation. 47 In fact, until higher force loads are reached, the model is very much in agreement with standard methods. 47 At higher loads where the contact radius is large compared to the asperity tip radius, the models differ greatly. 47 This method of stacking sinusoids however is not limited to contact resistance but is also employed to model adhesion. 48 Where the classical approximation for area is a simplified model that typically bundles asperities into a few, the stacked sinusoids allow for a more practical representation of a multiscale surface. 48 So far, it is apparent that the surface of the physically connecting electrodes is a key factor for the determination of electrical contact resistance. Modifications to the surface via a thin film from adsorbed contaminants from either ambient air or hermetic environments will greatly decrease the conductivity of the contact. To improve electrical conduction between contacts, Jackson et al have tried to reduce the contact resistance by applying an anisotropic conductive thin film. 49 These films are typically an epoxy that is doped with conductive metal particles. 49 While classical electrical resistance theory falls short for accurately predicting the contact resistance with an insulating thin film, a model is proposed by Jackson and Kogut to consider elastic-plastic behavior of the thin film and large deformations of the conductive particles. 49 While previous anisotropic conductive film models have under predicted electrical contact resistance, a conjecture was made that the difference may be accounted for by the quantum effect of electron tunneling that takes place through the energy barrier imposed by the thin film. 49 This 'tunneling' resistance is higher than the constriction resistance. 49 Using empirical models, mechanical and electrical material constants were held constant and the radius of the conductive particles in the film were varied. 49 The results revealed that particle size influenced contact resistance and that the larger radius provided a lower resistance. 49 When it comes to micro-contact resistance modeling, contact material deformation and the effective contact area radius are the two primary considerations. 15 An assumption that individual a-spots are sufficiently close and that a single effective area model is typically made to determine specific electron transport regions by comparing the effective radius and mean free path of an electron. 19 As seen by area models to characterize the surface topology, describing the appropriate effective area for modeling is difficult. From the modeling of the surface using statistical, deterministic, or fractal means to the models of contact resistance based on all the deformation modes, the development of a thin film will widen the variance between simulated and actual results. Contact materials also have an integral role in determining the performance and reliability of microswitches. Hardness as well as conductivity and other material properties influence the contact resistance. Gold (Au), palladium (Pd), and platinum (Pt) are commonly used. 50 Due to the fact that these materials are very soft and wear easily, other materials such as nickel (Ni), ruthenium (Ru), ruthenium oxide (RuO 2 ) and combinations or alloys of materials have also been examined for their effectiveness at lengthening the lifecycle and the performance of micro-electrical contacts.
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Contact materials for performance and reliability
The earlier discussion of micro-contact resistance modeling showed how the material properties of the contact impact the contact resistance. The intrinsic properties of the materials chosen for the contact are important for increasing the lifecycle of the contact. For instance, due to its low electrical resistivity and low sensitivity to oxidation. 53 gold is widely employed as a contact material in MEMS. 54 In general, electrical contacts are desired to have low electrical conductivity, a high melting point, an appropriate hardness to avoid material transfer and chemical inertness to avoid oxidation. 55 As will be discussed in the failure modes and reliability section, material transfer can take place less easily with harder materials. Material hardness is an important property as the surface of the contact will change with actuations over time. As the surface changes, changes to contact resistance occur simultaneously. Alloys are often created in order to take advantage of material properties to try and minimize the effect of material transfer. 3 Yang et al showed Au-Ni alloy contacts resist material transfer better than Au-Au contacts. 3 McGruer et al showed that ruthenium (Ru), platinum (Pt), and rhodium (Rh) contacts were susceptible to contamination and the contact resistance increased after a characteristic number of cycles, while gold alloys with a high gold percentage showed minimal contact resistance degradation under the same test conditions. 3, 56 Similarly, Coutu et al showed that alloying gold with Pd or Pt extended the micro-switch lifetimes with a small increase in contact resistance. 19 Failure is typically defined as an increase in contact resistance beyond a given tolerance set by the circuit designer. Contact resistance tends to increase towards the end of a micro-switches lifetime.
As will be discussed later, frictional polymers are carbon based insulating films which develop over time and tend to increase contact resistance. 7 Despite carbon being a core component to frictional polymers, Yaglioglu et al examined the electrical contact properties of carbon nanotube (CNT) coated surfaces. 57 The high Young's modulus and potential for low resistance of CNTs makes them suitable candidates for micro-switch contacts. For instance, Au contacts with a substrate coated with tangled single-walled CNTs were shown to have a resistivity between 1×10 −4 and 1.8×10 −4 Ωm. 58 CNTs have been reported to have an elastic modulus of approximately 1 TPa, which is comparable to diamond's elastic modulus of 1.2 Tpa. 59 Yunus et al explored two contact pairs with CNT: Au to multiwall CNT (MWNTs), where one electrode is Au and the other is MWNTs, and Au to Au/MWNT composite, where the contact interface is Au-Au. 60 Figure 4 shows an SEM image of the Au-MWNT composite. It was found that the Au-Au/MWCNT was the better performer than Au-MWCNT in terms of contact resistance. 60 While the MWCNTs did not improve contact resistance, the modulus of the lower contact was enhanced which could lead to greater reliability. The data, shown in figure 5, was collected with a nanoindentor apparatus which cycled for ten repeated operations with a maximum applied load of 1mN. 60 The hardness of each material is also dramatically different, approximately 1 TPa for CNT and 1 GPa for Au. 60 The CNT structure supporting the Au film acts to allow the Au film to deform elastically under the applied load. In this study, a hard Au coated steel ball is making contact with the softer Au/MWCNT surface. The latter surface deforms to the shape of the steel ball, increasing the apparent contact area. With the Au coated steel ball in contact with the MWCNT surface the conduction path is through the lateral connection of the vertically aligned CNTs; leading to a higher contact resistance. A disadvantage to the mechanical design of the switch was discovered to be excessive bouncing on closure; that is, the contact takes time to settle in the closed position. A study was conducted by Choi et al to explore the current density capability of a CNT array with an average CNT diameter of 1.2 nm, site density of 2CNT/µm, and the number of CNTs for devices with 1 µm channel width ranged from one to three. 61 It was reported that a high current density of 330 A cm −2 at 10 V bias was successfully transmitted through the contact without any noticeable degradation or failure. 61 A reliability test with an input current of 1 mA showed repeatable and consistent contact characteristics over a million cycles of operation. 61 It is reported in literature that the small contact area between CNT and a metal electrode makes electrical coupling between them extremely difficult. [62] [63] [64] [65] An experiment was performed by Chai et al to verify if a graphite interfacial layer would increase the electrical contact to the CNTs. 62 Graphite was chosen due to its close material properties to the CNTs namely, metal-like resistivity and similar chemical bonding. 62 A common technique for carbon deposition to the CNT contact region is to use the electron beam inside of a scanning electron microscope (SEM) to induce carbon deposition. 62 The technique is reported to successfully form low resistance electrical contact to MWCNTs. 66, 67 Chai's experiment validated that the graphitic carbon interfacial layer did reduce the contact resistance due to the increase in contact area to the CNT. 62 In an example of engineering a contact for increased lifetime, Ke et al coated Au contacts with Ru to investigate placing harder materials with relatively low resistivity on top of softer materials with lower resistivity. 68 The contact resistance and life time of the Ru layered Au switch were compared to the common Au-Au microcontact switches. 68 The switches demonstrated a life time enhancement of over ten times as measured in a nonhermetic environment as compared to pure, soft gold contacts. 68 On the other hand, alloying Au with other metals results in increased hardness, but also an increased resistivity. 69 Atomic-level simulations and experimental observations have shown that the separation of gold contacts leads to considerable material transfer from one side of the contact to the other. [70] [71] [72] Broue et al characterized Au-Au, Au-Ru, and Ru-Ru (upper and lower contact materials respectively) ohmic contacts by examining the temperature of the contact in the on-state to determine its performance limitations. 51 For the Au-Au contact, the contact temperature was linear and stable but the fluctuated between 80 °C and 120 °C after the application of 40 mA. 51 This is agreeable with the reported maximum allowable current for gold contacts of 20 to 500 mA. 73 The published softening temperature for a gold contact is ~100 °C, which corresponds to a contact voltage of 70-80 mV for a contact near room temperature. 13 Comparatively, the published softening temperature for a ruthenium contact is ~430 °C, corresponding to a contact voltage of 200 mV for a contact near room temperature. 73 The Ru-Ru contact exhibited similar behavior in that it fluctuated about 400 °C after reaching a critical current level of 30 mA. 51 The contact with the best performance was the Au-Ru combination contact, where the contact temperature increased with the current level without reaching a maximum. 51 The experiment went as far as to apply 100 mA for all three combinations. 51 An explanation to the difference in performance was offered that the contact temperature of the Au-Ru contact is more stable because the softening temperature is theoretically not reached for the same contact current. 51 In the interest of exploring the limitations of Ru, Fortini et alcompared how asperity contacts form and separate in gold and ruthenium. 74 Their technique was to establish an appropriate interatomic potential in order to apply a molecular dynamics (MD) simulation, which is a powerful tool for studying adhesion, defect formation and deformation on the nano-scale level. 74 The MD technique enabled the team to understand the formation and separation of nanoscale asperity contacts by simulating the motion of the atoms. 75 The simulations showed that Ru was ductile at T = 600 K and more brittle at T = 300 K, where it separated by a combination of fracture and plasticity. 74 Gold exhibited ductile behavior at both T = 150 K and T = 300 K. 74, 76 The difference in ductile/brittle behavior of the Au and Ru contacts was consistent with FEM calculations in literature. 77 Other researchers have explored using tungsten (W) as the contact material. Tungsten was chosen for its hardness and resistance to mechanical stress and physical deformation. 78 Kam et al verified that W was beneficial for improved resistance to wear and micro-welding. 79 A disadvantage of W was its susceptibility to chemically react and form oxides on the surface. 78 It is reported that oxidation of exposed W electrode surfaces occurs if there is any ambient oxygen, which increases the rate of oxidation exponentially with increasing temperature. 80 This was verified by Spencer et al, who studied the oxide layers as they became thicker with exposure times; they offered the theory that the exacerbated rate of oxidation was due to the widening of the oxygen diffusion path as the oxide gets thicker. 81 This thin film of oxide negatively impacts the contact resistance and requires higher contact loading to break through the film and obtain low resistance. The experiments of Chen et alshow that W electrodes exhibit an undesirable increase in on-state resistance over the lifetime of the device. 78 The oxidation of W was sped up by the amount of current flowing through the contact. Energy losses in the form of heat increased the opportunity and rate of thermal oxidation. They offered two solutions to the oxidation problem of W electrodes: either use another material or minimize device exposure to oxygen with a wafer-level encapsulation process. 78, 82 Yamashita et al investigated the use of an anti-stiction coating for ohmic micro-contacts under low loads (0 to 70 µN). 83 The contacts were coated with thiophenol and 2-naphthalenethiol. The coatings successfully prevented the formation of the liquid meniscus, reduced the capillary force better than the bare Au surfaces, and reduced the van der Waals forces. 83 They also noted that increased surface roughness could prevent stiction exponentially by reducing the effective contact area. 83 Increasing surface roughness would trade performance in terms of lower contact resistance which relies on large effective area of contact for anti-stiction properties. With the coatings applied, contact resistance decreased after 16 µN but required at least 4 µN of contact force for current to begin to flow. 83 It was found in the study that the contact resistances of the samples deposited with a 100 nm-thick Au layer were slightly smaller than those with a 20 nm-thick Au layer despite the larger resistivity value for the thicker layer due to the relationship between surface roughness and resistivity. 83, 84 An answer was offered by Yamashita et al that the contact area between the electrodes was larger for the thicker layer because the electrodes made contact with large crystal grains. 83 Consistent with literature and classical theory, the results showed that contact resistance decreased proportionally with increasing contact force for all samples. 83 Because of increased contact forces, the contact resistance drops with an increase in asperity deformation, which provides a greater contact area as the micro-geometry changes. 85, 86 As expressed earlier, increases in contact area decrease electrical contact resistance. One method to increase contact area was examined by Baek and Fearing using compliant nickel nanowire arrays. 87 The concept was to guarantee an approximate number of contact points for current to flow when the electrode surfaces mate instead of relying on rough approximations for asperity micro-geometry. Since the nanowires are compliant, the effective contact area would increase as contact force is increased overall decreasing contact resistance. The array was employed to achieve a minimum contact resistance of 73 mΩ for a contact area of 0.45 mm 2 using an array of compliant nickel nanowire. 87 The wires were fabricated by electrodeposition and porous filters in order to achieve a maximum aspect ratio of 300:1 (60 µm × 0.2 µm). 87 Regarding the reduction electrical contact resistance for tin (Sn) contacts, Myers et al proposed a new contact design in order to lower contact resistance which is not limited to Sn. 88 The fundamental principle behind the concept was that when classical Hertzian surfaces make contact, the mechanical load is carried by asperities in the center of the contact while the electrical load is distributed by asperities along the outer rim of the contact. As oxides and other surface contaminants may appear, the team suggested designing contacts so that the outer rim asperities are the only asperities that would make contact thus bearing both the mechanical and electrical load. This approach would allow the asperities to break through any developed contaminants as well as reduce electrical contact resistance by appropriately applying force along the conducting asperities. This novel concept was simulated to verify that the contact resistance of an outer rim maximum load and current density asperity contact interface design can be significantly lower than a similarly finished Hertzian style contact interface. Based on simulation, the final results revealed that the greatest contact resistance reduction (up to a factor of 2) occurred for a mated Sn finished surface. 88 
Failure modes and reliability
There are a number of potential applications for MEMS switches and relays if the problems identified can be resolved. The target is to actuate billions of switching cycles with low current loading. Typically, designs are for a supply voltage of 4-5 Volts; which is below the minimum voltage required for arcing and a switching current below the minimum arcing current. If the supply current exceeds this minimum, there will be a discharge process which will degrade the switching performance. The lower limits of arcing are not clearly defined and will be influenced by any inductance and capacitance in the circuit. The occurrence of arcing will depend on the contact materials as well as the distance between the upper and lower contacts. At the lower limits of supplied current and voltage, arcing is predicted with a probability function. For switching applications, it is desirable to have no arcing. It was suggested by Jemaa and Hasegawa that for Au contacts the lower limit for no arcing is 80 mA, however, these experiments were conducted at a voltage above the minimum arcing voltage. [89] [90] [91] In the context of RF switching, an investigation of the basic switching phenomena was provided by Johler and Miki et al in these examples, arcing was present between the contacts. 92, 93 Contact bounce, occurring at switch closure, can greatly impact the performance and lifetime of micro-switch electrical contacts. This phenomenon has been widely studied in macro, as well as micro-devices. 13, [94] [95] [96] [97] [98] [99] [100] [101] [102] In MEMS, switch designers have focused on suppressing or 'engineering away' contact bounce using mechanical switch designs or novel actuation signals that aim for near zero impact velocity of the electric contacts. [96] [97] [98] [99] [100] [101] [102] Peschot et al however, performed experiments to better explain contact bounce at the nanometer scale. 103 Using an AFM and a nano-indenter, the researchers controlled micro-contact make and break operations at low values of electrode velocity (few tens of nm s −1 ). They discovered that the electrostatic force overcame the mechanical restoring force of the mobile contact near 10 nm. The team analytically ruled out the Casimir force by examining the effective distance for which the quantum electrodynamic force would have effect. It was found that the Casimir force was only dominant in the last few nanometers. The explanation for contact bounce was given as the product of competition between the restoring force of the contact beam and the adhesion force. The adhesion force was considered as contact interactions such as capillary, chemical, and van der Waals forces. 104 As the contact is made and the voltage between contacts is near zero the competition begins between adhesion force and restoring force. Upon opening of the contact, a potential difference is created and is the electrostatic force; which influences the contact to be made again. The final result revealed that for the given mechanical design of the beam, the velocity of the contact beam has to be higher than 1 µm s −1 in order to avoid bouncing due to the electrostatic force.
'Cold' switching is generally known to be actuating the switch repeatedly without applying RF or dc power during actuations, leading to micro-switch failures such as mechanical structural fatigue, memory effect, contact stiction, frictional polymer formation, thermal-mechanical damage when closed, etc. 6, 13 Simply put, 'cold' switching is powering the circuit off, then actuating the switch off then on, then powering the circuit back on. To model 'cold' switching, the circuit elements would not contain stored energy at the time the switch closes and all energy would dissipate between actuations. This limits the types of failures experienced by micro-switches and extends reliability. 'Hot' switching is considered to be actuating the switch repeatedly while applying either RF or dc power during actuations. 6 Zavracky et al reported over 2 × 10 9 cycles as the lifetime for sputtered Au contacts that were packaged in nitrogen; 105 a considerable difference when compared to the 5 × 108 cycles
Zavracky reported for 'hot-switched' contacts. 105 Majumder et al reports greater than 10 7 'hot-switched' cycles and approximately 10 11 'cold-switched' cycles for micro-switches with a 'platinum group' contact metal. 106 Newman et al also performed independent lifetime measurements on high-reliability, commercial contact switches and reported average cold switched lifetimes of 430 × 10 9 cycles. 107, 108 Czaplewksi et al reported 10 switching cycles using RF MEMS switches fabricated with RuO 2 -Au contact metals. 52 In comparison, 'hotswitched' at 4 V, 20 mA, Au coated MWCNT contacts exhibited 7 × 10 7 cycles in initial studies. 109 Toler and Coutu characterized the impact on reliability of external resistive, inductive, and capacitive loads for micro-switches. 110 Certain configurations of loads were determined to enhance micro-switch reliability. Specifically, that an external resistive load in series acts as a current limiter for both 'hot' and 'cold' switching conditions and reduces the probability of an electrical failure mode thereby enhancing the reliability of the micro-switch. In addition, there is a possibility of increasing the reliability of the switch by using a higher resistance contact metals with a matching external resistive load. The current limiting effect would restrict temperature and increased hardness of the higher resistance contact metal would most likely extend the reliability of the micro-switch further than a low resistance contact metal. Alternatively, it was found that certain configurations of resistive, inductive, and capacitive loads promote early failure via increased material transfer and current density. An external capacitive load in parallel was determined to be detrimental to micro-switch reliability under 'hot' switching conditions since it compounded the current during discharge and raised the probability for increased current density, temperature, and material transfer. For 'cold' switching conditions, the discharge of the capacitor essentially continues to provide current through the contact after the signal has stopped transmitting and before the switch opens; effectively turning a 'cold' switching condition into a 'hot' switching condition and reducing reliability with the increased probability of electrical failure. Lastly, the external inductive load for dc conditions reduced susceptibility of failure via increased current density and temperature by limiting the current at the moment of initial contact in 'hot' switching conditions. 'Cold' switching conditions for external inductive loads have negligible effect to contact resistance and micro-switch reliability.
As mentioned earlier, stiction or adhesion is a failure mode which is commonly caused by capillary, electrostatic, chemical, and van der Waals forces. 104 The surface of contacts in air can become hydrophilic due to oxidation and formation of a liquid meniscus by water vapor resulting in stiction. 83 Many researchers have proposed reducing the surface adhesion force by novel switch design, contact materials, and sealing the micro-contacts in inert gases.
3,83,111-114 Adhesion can be described by Hertz, JKR, or DMT theories. 115 Hertz theory, mentioned in the contact resistance modeling section, is traditionally used for modeling elastic adhesion between nondeformable surfaces.
where D is the diffusion coefficient, J is the current density, ρ is the electrical resistivity and eZ* is the effective charge, k is the Boltzmann constant, T is the absolute temperature, D o and Q are the diffusivity constant and activation energy for diffusion, respectively. 7 As shown by (28) , atomic flux is directly proportional to current density. Voids form as a result of electromigration and ultimately cause device failure. 8 Braunovic states that an increase in current density in the a-spots can be substantial and create the right conditions for electromigration to occur. 7 Distinct from electromigration, field emission is also responsible for material transfer phenomena. 123 Field emission is the transfer or emission of electrons induced by an electrostatic field. Literature in this area is limited, however, Poulain et al conducted an investigation into the phenomena using a modified atomic force microscope. 123 The results showed a current increase when the contact gap became smaller than a few tens of nanometers. 123 At that range, the team deduced that the emission of electrons from the cathode followed the Fowler-Nordheim theory and led to damage on the opposite contact member. 123 The damage to the opposite contact consisted of evaporated anode material caused by impact heating (electrons leaving the anode heated the material and caused evaporation of anode contact material to the cathode interface). 123 The reported transfer of material due to field emission occurred with an open-circuit voltage across the two contact members of 5 V and a test current limited to 1 mA when the contact was closed. These results corroborate those of Yang et al who demonstrated micro-contact degradation under various hot/cold switching conditions. 124 Additionally, Yang et al hypothesized that the observed field-induced material transfer was due to the contact's open-circuit voltage being greater than the field evaporation threshold of the electric contact material. 124 Additionally, Hennessy et al investigated Ru-Ru contacts, using a custom built testing apparatus, with approximately 400 µN of applied contact force under dc 'hot-switched' conditions. 125 In this configuration, they observed and compared both leading and trailing edge hot switching events with trailing edge phenomena leading to higher contact adhesion. In addition, they observed polarity dependent material transfer during short duration current spike events associated with bias voltages greater than 1.5 V. 125 Although, these results do not confirm previous material transfer phenomena they clearly show multiple mechanisms being active during each 'hot' switching cycle. 125 For complete integration with CMOS processes, micro-switches need to withstand temperatures of about 400 °C without a change in performance. 126 At high temperatures, cantilever beams normally begin to deflect due to intrinsic stresses in the layered materials making up the beam. Klein et al designed an electrostatically actuated micro-switch based on a tungsten-titanium alloy to reduce the possibility of failure due to temperature and stiction. 126 Klein et al chose tungsten for its high melting point of 3370 °C, which is a good indicator of stability for temperatures a tenth of the melting point value. 126 The tungsten-titanium alloy switches were evaluated to temperatures up to 500 °C and the results indicate that the design is stable with beam deflections of only 8%.
Insertion loss was reported to be slightly higher than compared to more conductive switches but isolation was comparable. 126 No discussion of failure modes is complete without a discussion of frictional polymers. Metals most susceptible to the development of frictional polymers are the 'platinum group' metals and any other 'catalytically active metal'. 7 Holm pointed out that thin films, like oxides, develop over time on the contact surface and act as insulators, greatly increasing contact resistance. 13 The same is true for micro-switches. Though much smaller than the contacts studied by Holm, the effects of the films which develop on micro-contacts are orders of magnitude greater than those that develop on macro scale contacts. Contaminant films on micro-contacts can render the contact useless and disabled. A particularly damaging film is the development of a frictional polyme.7 Frictional polymers are organic films, sometimes referred to as deposits, that develop on commonly used contact materials when low levels of organic vapors or compounds are introduced into the operating environment of the contact. 7 Czaplewksi et al. lifecycle tested RF MEMS switches fabricated with Au-Ir and Au-Pt contacts and verified carbon-based contaminant films building up on the electric contacts. 127 In this study the authors used SEM inspection and Auger electron spectroscopy (AES) to verify the presence of carbon contamination. 127 Crossland and Murphy, however, were able to show that the addition of a non-catalytically active metal, like silver, can significantly reduce the effects of frictional polymerization. 128 Though silver is not considered suitable for MEMS due to tarnishing, their experiment showed that silver must make up 36% or more of the contact materials in order to witness a significant reduction. 128 In comparison, Czaplewksi et al used catalytically less active contact materials (RuO 2 -Au) in RF MEMS micro-switches resulting in longer lifetimes. 52 This result was corroborated by de Boer et al who studied RuO 2 -Au contacts in ultra-clean environments, cycled using polysilicon test structures. 129 After 3 × 10 9 cycles, AES results indicated no noticeable difference in carbon concentration in either the contact or non-contacting areas, thus implying that carbon build-up or 'frictional polymer' was not a limiting factor in micro-switch reliability when using contact materials with lowered catalytic activity. 129 
Conclusion
This review provides insight into the properties and concepts necessary for designing micro-electrical contacts for dc and RF MEMS switches. The basic theories behind the aspects of design, contact resistance modeling, contact materials, and failure modes are discussed and explored. A survey of the challenges for these areas in ohmic contacts is provided. Complete models of contact resistance for various electron transport modes and deformation models are shown. The decision for contact materials is investigated by examining the impact of material properties on the characterization of the contact.
